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ABSTRACT.—Competition for limiting resources drives 
animal aggression. Aggression in hermit crabs has been 
well studied in shell acquisition circumstances, yet less is 
known about hermit crabs’ competitive behavior in other 
contexts, especially as they relate to feeding. As active 
foragers, competition for food resources may be a major 
determinant of hermit crab aggression and fighting behavior, 
particularly in intertidal marine environments, where 
protein-rich carrion may be limiting. Here, we measured 
aggressive, competitive interactions between hermit crabs 
[Pagurus samuelis (Stimpson, 1857)] that were presented 
with carrion in the laboratory, immediately after they were 
collected from the field. Aggregations of three crabs were 
provided with either mussel or gastropod flesh. Both forms 
of carrion naturally indicate food availability, though only 
the latter may correlate with potential shell availability. We 
found that levels of aggression rose significantly in response 
to both carrion conditions, but not in response to a control 
condition involving the introduction of a non-eatable object. 
Larger individuals displayed the highest levels of aggressive 
behavior, but levels of aggression did not differ between crabs 
provided with the gastropod and the mussel flesh. These 
results reveal that food—independent of a shell resource—
can be a powerful motivator for competitive behavior in 
hermit crabs. Further studies of food-related aggression 
between different hermit crab species could shed light 
on how interspecific competition might lead to potential 
specializations on different carrion or prey resources.
Aggressive interactions are the result of direct competition for limited resources. 
Hermit crabs (superfamily: Paguroidea) must acquire an adequate shell to survive, 
grow, and reproduce (Hazlett 1981, Lancaster 1988, Laidre 2012a). Yet crabs are often 
constrained by a limited supply of empty shells (Kellogg 1976, Scully 1979, Laidre 
2012b). This dependence on shells creates competition, both within and between 
hermit crab species, because individuals cannot obtain shells directly from living 
gastropods (Laidre 2011). Hermit crabs therefore fight fiercely for new shells, using 
well-known aggressive behaviors and stages of fighting (Elwood and Neil 1992).
Individuals that can most quickly locate recently vacated shells and effectively 
ward off competitors likely have an advantage in obtaining an optimal shell. The 
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drive to find new shells should thus favor crabs that actively seek out gastropod pre-
dation sites, where new shells first enter the “housing market” (McLean 1974, 1983, 
Rittschof 1980a, Hazlett et al. 1996, Turra et al. 2005, Tricarico and Gherardi 2006, 
Tricarico et al. 2009). The presence of highly specific, shell-related cues (released 
by predatory gastropods during the consumption of smaller, shell-inhabiting prey) 
is thought to be critical in attracting hermit crabs to these shell-acquisition sites 
(Rittschof 1980b). Indeed, shells freshly-derived from predated gastropods may be 
more desirable to marine hermit crabs than shells previously used by conspecifics 
(Laidre and Trinh 2014).
Shells, however, are not the only limiting resource for which crabs must compete. 
Consequently, hermit crabs should not solely be attracted to sites that indicate 
shell availability. As scavengers, hermit crabs must also actively search and acquire 
patchily-distributed food resources (Britton and Morton 1994, Morton and Yuen 
2000, Tran 2014). Recent field experiments have revealed that marine hermit crabs 
are attracted in extreme abundance, and more quickly than any other tide pool 
inhabitants, to carrion sites that exclusively indicate potential food (Laidre and 
Greggor 2015). Moreover, laboratory studies indicate that hermit crabs will signal 
and fight with models (made from dead postured conspecifics), as well as with live 
conspecifics, when presented with such carrion (Laidre 2007, Laidre and Elwood 
2008). Yet, little is known about how the aggregations of hermit crabs that converge 
on carrion behave while competing for food; and studies in the field have provided 
only a crude measure of actual competitive behavior within aggregations around 
food resources (Laidre and Greggor 2015).
Interestingly, food- and shell-related cues do not always occur in isolation, but 
may at times overlap, especially soon after gastropod predation events (McGuire and 
Williams 2010). Moreover, during gastropod predation, the peptides that are thought 
to act as “shell cues” (Rittschof 1980a,b) are not necessarily always produced. For 
instance, gastropods that are crushed but whose flesh is not enzymatically degraded 
would fail to release such “shell cues,” at least initially. In such cases, hermit crabs 
could still benefit from attending to the cruder, more generalized carrion cues, par-
ticularly if doing so enabled earlier detection of a valuable food resource. Indeed, 
those crabs that are attracted to sites where gastropods were recently killed may 
acquire food, a shell, or even both (Laidre 2011).
Here, we investigated levels of aggression in aggregations of marine hermit crabs, 
Pagurus samuelis (Stimpson, 1857), that were provided with two different types of 
freshly-generated carrion: carrion from mussels (which exclusively indicate a food 
resource) and carrion from gastropods (which indicate food and, potentially, a shell 
resource as well). In prior experiments that we carried out in the field, hermit crabs 
were attracted in equal numbers to mussel and gastropod carrion sites (Laidre and 
Greggor 2015). However, detailed measures of competitive behavior were impos-
sible to record in the field, given the challenging observation conditions within tide 
pools that crabs inhabit. We therefore utilized a controlled laboratory context in 
the present study so that we could quantify the extent to which each type of food 
resource generated competition and fighting behavior. By using hermit crabs that 
had just been collected from the field, we also ensured that their motivation (Laidre 
and Elwood 2008) reflected natural hunger levels in the wild. We contrasted the lev-
els and types of aggression that crabs exhibited between the two carrion resources, 
only one of which may be associated with usable shells. By exploring the influence 
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of eatable carrion on specific measures of behavioral aggression, our experiments 
shed light on hermit crab competitive interactions that occur in a natural foraging 
context, outside the standard shell-fighting paradigm.
Methods
Study Site and Species.—This study was carried out between November 2011 
and April 2012 at the Bodega Marine Laboratory, located on the Bodega Marine 
Reserve in Sonoma County, Northern California. The laboratory occupies a pristine 
rocky intertidal area, which has been the focus of prior field (Laidre and Greggor 
2015) and laboratory (Laidre and Trinh 2014) experiments on marine hermit crabs. 
Here we focused our study on P. samuelis, the most abundant hermit crab species 
in the intertidal zone and common along the US west coast. Many other marine 
invertebrates also inhabit this area (Morris et al. 1980), including the California 
mussel (Mytilus californianus Conrad, 1837) and the black turban snail [Tegula 
(Chlorostoma) funebrale A. Adams, 1855] whose shells P. samuelis frequently inhabits 
(Bollay 1964).
Collecting and Behavioral Experiments.—In total, 60 experiments were 
conducted (n = 20 for each of three different conditions). For each set of experiments, 
we collected the following from a tide pool: 9 hermit crabs, 1 black turban snail (C. 
funebrale), and 1 mussel (M. californianus). All were immediately brought from the 
tide pool into the laboratory in <10 min. Crabs were chosen only if they occupied a 
black turban shell, had shell diameters measuring 1–2 cm, and had all appendages 
intact. The nine crabs that we collected for each set of experiments were randomly 
allocated to three different artificially created aggregations (three crabs per aggrega-
tion). Each aggregation was placed into a small glass container (10 cm diameter, 5 
cm height), which was filled with seawater from the tide pool. Aggregations were 
randomly assigned to one of three conditions: rock (control), mussel, or gastropod. 
For the latter two conditions, we cracked open a live mussel and a live gastropod and 
removed a piece of flesh (0.15–0.25 g) from each. For the rock condition, we used a 
rock (within the same weight range and approximate size) that was chosen at random 
from a large bucket of rocks collected from the tide pools. The rock was thoroughly 
washed in water before the experiments so that it was free of any chemical cues.
Once aggregations were placed in their container they were given 30 min to ac-
climate before experimentation began. Each experiment lasted a total of 6 min, first 
involving a 3-min baseline period (to assess competition levels before any resource 
had been introduced) and then immediately followed by a 3-min test period (to as-
sess competition levels after a resource had been introduced). At the transition mo-
ment between the 3-min baseline period and the 3-min test period, we introduced a 
resource (rock, mussel, or gastropod), dropping it in the center of the container (see 
Online Supplementary Videos 1–3). During both the baseline and the test period, the 
aggregations were videoed from above with a camera mounted on a tripod so that the 
hermit crabs’ behavior could be precisely quantified. At the end of each experiment, 
the shell diameters of all three crabs in each aggregation were measured to 0.01 mm. 
(Note, of the 60 experiments, four lacked shell measures and were excluded from the 
individual-level analysis described below). After the experiments were completed, 
crabs were returned unharmed to their original tide pool.
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Video Coding.—Videos were coded for the number of aggressive actions per-
formed by each separate crab within an aggregation. Aggressive interactions (defined 
in Table 1; cf. Ramsay et al. 1997) were categorized as: striking another crab with a 
leg or claw, attempted striking (but without making contact), and climbing onto the 
back of another individual (note: during video coding, one crab was found to be miss-
ing one of its claws, thus the rock trial in which it participated was removed from the 
data set).
Predictions and Statistical Analyses.—We hypothesized that hermit crabs 
brought immediately from the field into the laboratory would be highly motivated to 
compete over eatable carrion. In particular, we predicted that the amount of aggres-
sion crabs exhibited would increase significantly from the baseline to the test period, 
both in the gastropod and in the mussel conditions, but not in the rock condition. 
We also compared the gastropod and mussel conditions to one another. Critically, if 
crabs are especially hungry in the wild, then any source of carrion should be high-
ly sought after, generating strong competition. We therefore predicted that hermit 
crabs would be equally motivated for carrion regardless of its source (mussel or gas-
tropod), so that the amount of aggression in the test period would not differ between 
the gastropod and the mussel conditions. Finally, we also explored whether crabs 
that were relatively larger than their competitors in the same aggregations would 
show higher levels of aggression, which might enable them to access more carrion.
To test our predictions, we performed two separate sets of analyses. Our first anal-
ysis focused on the behavior of the entire aggregation, summing aggressive behav-
iors across all individuals in an aggregation. In this analysis, we compared the total 
amount of aggression in two ways: (1) across different conditions (rock vs gastropod 
vs mussel) and (2) between the baseline and test periods of the same trials within a 
condition. When we found significant differences in the behavior of the aggregation, 
post hoc tests were run to determine the source of the difference. As the data devi-
ated from normality even after log transformation (Shapiro-Wilk tests, baseline data: 
W = 0.7946, P < 0.001; test data: W = 0.9261, P < 0.005), nonparametric Kruskall-
Wallis tests were used when comparing across conditions, and Wilcoxon-signed 
rank tests were used to compare data within trials. Bonferroni corrections were em-
ployed when the total and the specific measures of aggression were measured on the 
same data.
Our second analysis focused on different individuals within the same aggregation. 
A linear mixed model (LMM) was used to examine the relationship between the 
level of aggression a crab exhibited and its size. To avoid having to break crabs out of 
their shell to measure their body size, we used shell size as a proxy for body size (in 
Table 1. Definitions of aggressive behaviors of Pagurus samuelis during experimental baseline 
and test periods examining effects of the addition of carrion on crab behavior.
Behavior Definition
Leg strike Rapid movement of a leg away from one’s body and toward another crab, 
with contact
Attempted leg strike Same as leg strike, except without contact
Claw strike Rapid movement of a claw away from one’s body and toward another 
crab, with contact
Attempted claw strike Same as claw strike, except without contact
Piggyback Climbing onto the back of a conspecific
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our study, population shell size and body size correlate well; Laidre unpubl data; see 
also Tran et al. 2014, Souza et al. 2015).
The data were log transformed and modelled with a Gaussian error structure to 
correct for overdispersion. Our full model assessed whether levels of aggression dur-
ing the test period were influenced by the weight of the flesh dropped in during the 
experiment, the baseline levels of aggression, the test condition, and crab size. Trial 
ID was added as a random effect because the measures of aggression within each 
aggregation were non-independent. Starting with the full model, we conducted back-
wards stepwise elimination by comparing changes in AIC values to determine the 
final model (see Online Appendix 1 for model selection). Factors were retained if 
their exclusion increased the model’s AIC value by at least 2 (Zuur et al. 2009). The fit 
of the “best” model was assessed by calculating the coefficient of determination (R2). 
The effect direction and estimated influence of each covariate in the “best” model is 
reported in the text. All data analyses were conducted in R (R Core Team 2012). The 
LMM was implemented with the lme4 package, the R2 calculations with the MuMIm 
package in R.
Results
Qualitative Behavior.—Once a carrion source was provided, crabs competed 
vigorously to access the flesh, repeatedly picking at and eating the meat with their 
claws while simultaneously trying to knock others away from their feeding location 
with their legs. “Piggybacking” (a behavior used to investigate conspecifics’ shells) was 
rare and did not differ in occurrence across any of the conditions (Table 2). Moreover, 
no shell evictions occurred during any of the experiments. Crabs’ behavior was thus 
consistent exclusively with a motivation to feed, not to acquire a new shell.
Behavior of Entire Aggregations.—Between the baseline and the test period, 
overall levels of aggression significantly increased for both the gastropod and the 
mussel flesh additions (Fig. 1, Table 3). In contrast, there was no change in overall 
levels of aggression between the baseline and the test period for the rock condition 
(Table 3). Thus, carrion (but not a control object) was able to spark elevated aggres-
sion within aggregations.
During the baseline period, there was no difference across the three conditions 
in the overall level of aggression (Kruskall Wallis test: F = 3.056, P = 0.217) or in 
Table 2. Levels of Pagurus samuelis aggression during experimental baseline and test periods 
examining effects of the addition of carrion on crab behavior across rock, gastropod, and mussel 
conditions.
Across baseline periods Across test periods
Aggression type F df P F df P
Total aggression 3.056 2 0.217 20.34 2 <0.001
Leg strikes 0.830 2 0.667 24.84 2 <0.001
Claw strikes 0.623 2 0.733 4.27 2 0.129
Attempted leg strikes † † † 8.07 2 0.018
Attempted claw strikes 0.635 2 0.743 4.47 2 0.122
Piggybacking 2.390 2 0.305 0.06 2 0.972
Note: Bolded boxes show where significant differences exist between the experimental conditions, after Bonferroni corrections. 
† No occurrences of attempted leg strikes in any baseline trial.
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specific measures of aggression (Fig. 2, Table 2). In contrast, during the test period 
across the three conditions, there was a significant difference in the overall level of 
aggression (F = 20.34, P < 0.001; Fig. 1), including in leg strikes (F = 24.84, P < 0.001) 
and in attempted leg strikes (F = 8.07, P = 0.018). Compared to the rock condition, 
both carrion conditions produced significantly higher levels of overall aggression, as 
well as leg strikes and attempted leg strikes, during the test period. Post hoc analysis 
(Table 4) further revealed that during the test period the gastropod and mussel flesh 
Figure 1. Overall levels of Pagurus samuelis aggression during experimental baseline and test 
periods examining effects of the addition of carrion on crab behavior. Error bars are standard 
error, and sample size is n = 20 for mussel, n = 20 for gastropod, and n = 19 for rock.
Figure 2. Specific measures of Pagurus samuelis aggression during the experimental baseline 
and test periods examining effects of the addition of carrion on crab behavior. “At.” = attempted. 
Error bars are standard error, and sample size is n = 20 for mussel, n = 20 for gastropod, and n 
= 19 for rock.
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additions did not differ in overall levels of aggression, or in leg strikes or attempted 
leg strikes. Thus, aggregations competed equally for either source of carrion.
Behavior of Specific Individuals within Aggregations.—Crabs occupying 
larger shells were more likely to demonstrate aggressive behaviors [LMM: n = 165, 
coefficient estimate (Est) = 1.21, SE 0.31]. The amount of aggression observed during 
the baseline period helped predict the amount of aggression in the test period (LMM: 
Est = 0.18, SE 0.05), but this pattern was not condition specific. The model confirmed 
the results found in the analysis of entire aggregations, showing that test levels of ag-
gression were comparatively higher in the gastropod (LMM: Est = 0.61, SE 0.19) and 
mussel flesh additions (LMM: Est = 0.84, SE 0.19) compared to the rock addition. The 
specific weight of the carrion did not have an effect on the level of aggression during 
the test period (see Online Appendix 1 for changes in AIC values between models). 
The “best” model had an R2 of 0.483.
Table 3. Test statistics comparing aggression of Pagurus samuelis behavior between the baseline 
and the test period within each condition examining effects of the addition of carrion on crab 
behavior.
Aggression type V P
Gastropod condition
Total 8.0 <0.001
Leg strikes 4.3 <0.001
Claw strikes 20.0 <0.005
Attempted leg strikes 50.0 0.082




Leg strikes 3.0 <0.001
Claw strikes 65.0 0.153
Attempted leg strikes 45.5 0.052




Leg strikes 52.5 0.157
Claw strikes 46.5 0.072
Attempted leg strikes 95.0 0.512
Attempted claw strikes 86.5 0.562
Piggybacking 86.5 0.660
Note: Because the data contained zero values, the test statistics and P-values are estimates based on 10,000 repetitions that 
added small amounts of noise to break ties for each test. *After a Bonferroni correction, this value is no longer significant.
Table 4. Results of post-hoc Wilcoxon rank sum comparing aggression of Pagurus samuelis, 
examining effects of the addition of carrion on behavior. 
Aggression type Gastropod vs mussel Gastropod vs rock Mussel vs rock
Overall aggression P = 1.00 P = 0.001 P < 0.001
Leg strikes P = 1.00 P < 0.001 P < 0.001
Attempted leg strikes P = 1.00 P = 0.025 P = 0.017
Post-hoc analysis was run only on behavioral measures that showed significant differences. P = 1.00 does not mean P = 1.
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Discussion
Despite the fact that hermit crabs aggregate in search of food resources (Ramsay 
et al. 1996, Laidre 2010, 2013, Laidre and Greggor 2015), relatively little work has 
looked at patterns of aggression and competition as hermit crabs compete over food 
(though see Allee and Douglis 1945, Laidre and Elwood 2008, Tran et al. 2014). The 
present study demonstrated that highly competitive fights over food occur among 
hermit crabs. Relative to baseline conditions, the addition of mussel and gastropod 
carrion significantly increased aggressive behavior, while the addition of a control 
object (a rock) did not. Moreover, when comparing between the test periods of differ-
ent experimental conditions, similar levels of aggression occurred in both the mussel 
addition (which exclusively indicated food) and the gastropod addition (which may 
imply potential shell availability as well as food). Hermit crabs were thus strongly 
motivated to compete for eatable carrion, independent of an available shell resource.
Some studies have found that hermit crabs can differentiate between the scent of 
different types of carrion (e.g., Tran 2013, 2015) and even between different species 
of gastropod (Rittschof 1980a). In our study, hermit crabs rarely performed shell-
acquisition behaviors (e.g., piggybacking) and they also did not perform such behav-
iors more in the gastropod compared to the mussel addition, suggesting that they 
did not differ in motivation for carrion associated with usable shells vs carrion that 
is not. We suggest the hermit crabs did not respond differently to the gastropod and 
mussel additions in the present study for two reasons. First, we extracted fresh flesh 
from live mollusks, and did not treat the flesh with chemicals. Previous work treat-
ing carrion flesh with predatory digestive enzymes (e.g., trypsin) found that hermit 
crabs differentiated trypsin-treated flesh from fresh flesh, especially when the flesh 
was from gastropods, which indicates available shells (Rittschof 1980b). The method 
of preparing flesh may therefore be critical in enabling crabs to differentiate types of 
carrion.
A second and perhaps more important reason crabs in our study did not respond 
differently to gastropod and mussel carrion was likely related to their high level 
of hunger. Irrespective of any shell-related cues, aggregations of crabs in both the 
gastropod and mussel conditions showed strong and equal motivation to obtain a 
valuable protein-rich food resource. Indeed, leg strikes were the most prevalent ag-
gressive behavior we measured in both the gastropod and the mussel additions, in-
creasing more than any other behavior in the competitive test periods. Crabs’ use of 
leg strikes against conspecifics was linked to the fact that both their claws were often 
fully engaged in gripping and tearing at the flesh, so that they could eat. Our results 
suggest that food competition may potentially be a more pressing fitness concern for 
hermit crabs than shell competition, at least under some ecological conditions.
Interestingly, prior studies that starved hermit crabs for increasing durations 
(Laidre and Elwood 2008) found that longer-starved crabs showed a boosted moti-
vation for carrion and sought it out more intensely. Internal physiological state, in 
addition to local ecological context, may thus shape individuals’ motivations for dif-
ferent resources, like food vs shells. In the present study, crabs were not starved and 
were instead tested immediately after being gathered from the wild, which suggests 
that in nature hermit crabs may often be hungry. It remains unclear, however, the 
extent to which increased acts of aggression and competitive behavior enable indi-
vidual crabs to outcompete conspecifics and obtain proportionally more food. In our 
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study, larger individuals (at least with respect to shell size) performed more aggres-
sive acts; but future studies are still needed to measure the actual body size of these 
more competitive individuals and to determine whether individuals that are more 
competitive actually ended up acquiring more carrion during intraspecific fights for 
food. Notably, since fights for food may also occur in contexts where multiple hermit 
crab species are present in the same aggregation (Kaiser 1998), higher levels of inter-
specific aggression could also enable sympatric species to outcompete one another 
or differentially specialize on specific food resources (cf. Tran 2014, Tran et al. 2014). 
Further experiments on both intra- and inter-specific fights for food could shed light 
on these questions.
Hermit crabs have emerged as a model system for understanding general theo-
ries of signaling (Laidre 2007, 2009, Laidre and Elwood 2008) and fighting behavior 
(Hazlett 1970, Vance 1972, Elwood and Neil 1992, Briffa and Elwood 2001). Indeed, 
because their competitive interactions can be readily quantified and because the mo-
tivational factors influencing shell acquisition can be readily manipulated, hermit 
crabs offer a tractable empirical system for testing broader ideas about competition 
and evolution (Lancaster 1988). We suggest that the continued exploration of food 
fighting behavior in hermit crabs adds an extra layer of motivational complexity that 
will ultimately enable further insights into the evolution of competition behavior.
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